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O. Heaviside (1850-1925) . ,
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. $R$ , $C$ , $L$
, $G$ ( ) .
Thomson , $L$ $G$ , , $v(t, x)$ $i(t, x)$
(1.1) $RC \frac{\partial}{\partial t}u(t, x)=\frac{\partial^{2}}{\partial x^{2}}u(t, x)$
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$- \frac{\partial v}{\partial x}$ $=Ri+L \frac{\partial i}{\partial t}$ ,
$\backslash -\frac{\partial i}{\partial x}$ $=c_{v+}c \frac{\partial v}{\partial t}$
. , $i$ $v$ , $v,$ $i$
(1.4) $\frac{\partial^{2}u(t,X)}{\partial x^{2}}=(R+L\frac{\partial}{\partial t})(G+C\frac{\partial}{\partial t})u(t, x)$
. (1.4) . Heaviside ,
(1.5) $RC=LG$
, .
(1.4) , Thomson (1.2) (1.5)
. Bessel . Heaviside Bessel
, .
Thomson , , , Heaviside ,
Thomson . Thomson
. , , . Kelvin
, – , Heaviside
.
Heaviside , – Thomson
, ,
. 3 Electromagnetic Theory ( )
[4] .
1893 1 (466 ) , Maxwell (1873
) , . Maxwell
, Heaviside
. Maxwell 4 , Faraday
1 . ,
Maxwell ,
, $4\pi$ . Heaviside
MKSA , $4\pi$ .
, [11] , .
1 1899 2 (542 ) ,
1 . Heaviside
. 2 (impulsive function) Dirac $\delta$





, . , ,
. , 2 3
. , Heaviside , –
.
, Heaviside , Heaviside
. 1902 10
, , Pupin ,
, Heaviside (1.5) ,
5 . (loaded
cable) . Heaviside heavified cable ,
. 1910 1960 .
2.
Heaviside ,
(2.1) $($ $u(t),t \leqq 0(a\frac{d^{m}}{=0dt^{m}}m+am-1\frac{d^{m-1}}{dt^{m-1}}+\cdots+a_{0}\mathrm{I}u(t)=f(t),$
$t>0$ ,






I. : $Q(p),$ $Rj(p),$ $s_{j()}P$ $P$ ,
(2.4) $Q(p)= \sum_{j}Rj(p)sj(p)$
,
(2.5) $Q(p)f(t)= \sum_{\hat{J}}R_{j}(p)(S.j(p)f(t))$ .
II. : $k=1,2,3,$ $\cdots$
(2.6) $p^{k}f(t)= \frac{d^{k}f(t)}{dt^{k}}$ ,
23
(2.7) $p^{-k}f(t)= \int_{0}^{t}\frac{(t-s)k-1}{(k-1)!}f(s)dS$ .
III. 1 : $\alpha\in \mathrm{C}$








$0$ , $t\leqq 0$
.














(2.12) $u(t)= \sum_{j,k}c_{jk}\int 0t\frac{(t-S)k-1}{(k-1)!}e(t-s)f\alpha_{j}(s)d_{S}$ .
(2.1) .
, Heaviside . ,




(2.2) 2 , Heaviside $t\leqq 0$ $0$
, $f(i)$ $t\leqq 0$ $0$ . , $f(t)$ ,
$f(t)$ Heaviside $1(t)$ $f(t)$ $f(t)1(t)$
. $1(t)$ 1 , Heaviside $\theta(t)$
. , $\theta(t)$ , Dirac $\delta$
:
(2.13) $\delta(t)=p\theta(t)=\frac{d}{dt}\theta(t)$ .







Heaviside $\delta(t)$ , ,
$\delta(t)$ . , $c-\text{ }$
e.m.f.
$e(t)$ $i(t)$
$t=0$ , $e(t)=\theta(i)$ $i(t)–C\delta(t)$
.





$\frac{1}{\alpha}(e^{\alpha t_{-1)1}},$ $\alpha\neq 0$ ,
$t1$ , $\alpha=0$
25















100 . 1916 T. J. $\mathrm{I}’ \mathrm{A}$ . Bromwich
[1] & K. W. Wagner [19], 1926 $\text{ }l_{\mathrm{c}}^{arrow}\dagger\mathrm{h}$ J. R. Carson [2] & P. L\’evy [13] $p\backslash ^{\backslash }\mathrm{L}\mathrm{a}_{\mathrm{P}}1\mathrm{a}\mathrm{C}\mathrm{e}*\mathrm{C}\mathrm{a}\mathrm{u}\mathrm{c}\mathrm{h}\mathrm{y}C)$
, Heaviside $q(t)$ $Q(p)$ (2.18) , Laplace
(3.1) $Q(p)=p \int_{0}^{\infty}e^{-pt}q(t)dt$
Bromwich
(3.2) $q(t)= \frac{1}{2\pi i}\int_{c-i}^{C+i}\infty\infty e^{p}t\frac{Q(p)}{p}dp$ , $\mathrm{a}.\mathrm{e}$ . $t>0$
Heaviside . , (3.1) ,
$t\geqq 0$ $q(t)$ , $H,$ $C$
(3.3) $|q(t)|\leqq Ce^{Ht}$ , $t\geqq 0$ ,
. , (3.2) , $c>H$
.
. $[21,15]$ .
, (3.3) $q(t)$ Laplace $Q(p)$ $P$
, Bromwich $q(t)$ (3.3)








, (3.3) Schwartz , Laplace
, . L. Schwartz [17] J. S. $\mathrm{e}$ Silva [18]
. , , (3.3) , (2.1)
$f(t)$ (3.3) .
4. Mikusitski
1949 J. Minkusintski , $[0, \infty)$ $f(t),g(t)$
(4.1) $f*g(t)= \int_{0}^{t}f(t-s)g(_{S})d_{S}$
.
$0$ , $f(t)$ $g(t)$ $0$ Titchmarsh (1924 )
.
$[0, \infty)$ $C=C([0, \infty))$ , $f(t)+g(t)$
$f*g(t)$ . , $\mathrm{Z}$ $\mathrm{Q}$
, $C$ $\mathcal{M}=\{f/g;f,g\in C, g\neq 0\}$
. Mikusintski $\mathcal{M}$ .
Mikusitski [14] [22] . . ,.
, $f(t)$ (3.3) , $0$









1987 , – ,
, . $\text{ }\cdot\rangle$
$-\infty<a\leqq\infty$ , $\infty$ $[a, \infty]$ Laplace $B_{[a}^{\exp},\infty$ ]
, $\mathrm{C}$ . $\cdot$ . $\cdot$
(5.1) $\mathrm{O}=\mathrm{C}\mathrm{U}S^{1}\infty=\{re^{i\theta}; 0\leqq r\leqq\infty, 0\leqq\theta<2\pi\}$
. $e^{i\theta}\text{ }1$ $e^{i\theta}\infty$
. $re^{i\theta}$ $\mathrm{C}$ , $e^{i\theta}\infty$ , $e^{i\theta}$
(5.2) $\Sigma=\{\rho e^{i\phi}; |\arg(\rho e^{i\phi\theta}-re^{i})|\leqq\epsilon\}$
. , $0\leqq r<\infty,$ $\epsilon>0$ .
27
, $O^{\exp}$ $\mathrm{O}$ . , $V\text{ }\circ$
, $O^{\exp}(V)$ , $V\cap \mathrm{C}$ $F(z)$ , $V$ (5.2) $\Sigma$
$C,$ $H$
(5.3) $|F(z)|\leqq Ce^{H|z}|$ , $z\in \mathrm{C}\cap\Sigma$ ,
.
1. $[a, \infty]$ Laplace
(5.4) $\beta^{\exp}$ $=\mathcal{O}^{\exp}(\mathrm{O}\backslash [a, \infty])/O^{\exp}(\mathrm{o})$
$[a,\infty]$
.





, Laplace $f(x)$ $F(z)$ , $F(x\pm i\mathrm{O})$ .
2. (5.5) Laplace $f(x)$ , Laplace $\hat{f}(\xi)\text{ }$
(5.6) $\hat{f}(\xi)=\int_{C}e^{-\xi z}F(Z)d_{\mathcal{Z}}$
. , $C$ , $e^{i\alpha}\infty$ $c<a$ $c$ $e^{i\beta}\infty$
. , $-\pi/2<\alpha<0<\beta<\pi/2$ .
$e^{i\beta}\infty$
28
1. $f(x)\in B_{[a}^{\exp},\infty]$ Laplace $\hat{f}(\xi)$ , $F(z)$ ,
$S=\{e^{i\theta}\infty;-T/2<\theta<\pi/2\}$ $\mathrm{O}$ $\Omega$ $\mathcal{O}^{\exp}(\Omega)$
(5.7) $\varlimsup_{\rhoarrow\infty}\frac{\log|\hat{f}(\rho e^{i\theta}|}{\rho}\leqq-a\cos\theta$ , $|\theta|<\pi/2$ ,
. , $\hat{f}(\xi)\in O^{\exp}(\Omega)$ – $f(x)\in B_{[a,\infty]}^{\mathrm{e}\mathrm{x}}\mathrm{p}$ Laplace
– , $f(x)$ $F(z)\in \mathcal{O}^{\exp}(\mathrm{O}\backslash [a, \infty])$ –
(5.8) $F(z)= \frac{1}{2\pi i}\int_{-}^{\infty}--e^{\mathcal{Z}\xi}\hat{f}(\xi)d\xi$
. , $—$ $\Omega$ 1 $\Omega$ .
Cauchy [7].
$\mathcal{L}B_{[a,\infty]}^{\exp}$ (5.7) $\hat{f}(\xi)\in O^{\exp}(\Omega)$ , Laplace $\mathcal{L}$
(5.9) $\mathcal{L}$ : $B_{[a,\infty]}^{\exp}\cong \mathcal{L}B_{[a,\infty]}^{\exp}$
.
$[a, \infty)$ $f(x)$




(5.12) $| \hat{f}(\xi)|\leqq\frac{Ce^{-a{\rm Re}\xi}}{{\rm Re}\xi-H}$
, $\mathcal{L}B_{[a,\infty]}^{\exp}$ . $f(x)$ $\hat{f}(\xi)$ 1 1 , (5.10)
$f(x)$ , $[a, \infty]$ Laplace .
, (5.8) $F(z)$ , ,
(5.13) $\lim_{\epsilonarrow 0}(F(X+i\epsilon)-F(X-i\epsilon))=\{$
$f(x)$ , $\mathrm{a}.\mathrm{e}$ . $x\geqq a$ ,
$0$ , $x<a$ ,
. , $f(x)$ Laplace $f(x)\theta(x)$ .
, Schwartz [17], S. $\mathrm{e}$ Silva [18] Laplace
.
, – $f(x)\in C([a, \infty))$ $B_{[a,\infty]}^{\exp}$
. – $[a, b),$ $-\infty<a<b\leqq\infty$ ,
(5.14) $B_{[a,b)}=O(V\backslash [a, b))/O(V)$
29
. , $O$ , V $[a, b)$ $\mathrm{C}$ .
$O^{\exp}(\mathrm{o}\backslash [a, \infty])arrow O(V\backslash [a, b))$
$\rho$ : $B_{[a,\infty]}^{\exp}arrow\beta[a,b)$ . .
2. $\rho$ , $\mathcal{B}_{[b,\infty]}^{\exp}$ – . ,
(5.15) $\beta[a,b)\cong B_{[a,\infty]}^{\mathrm{e}\mathrm{x}}\mathrm{p}/^{g_{[,\infty]}}\mathrm{e}_{b}\mathrm{x}\mathrm{p}$
.
. [8] Mittag-Leffler . 1 .
. Laplace $\mathcal{L}$
(5.16) $\mathcal{L}$ : $\mathcal{B}_{[a,b)}\cong \mathcal{L}\mathcal{B}_{[a,\infty]}^{\mathrm{e}}\mathrm{x}\mathrm{p}/\mathcal{L}\beta^{\mathrm{e}}[b,\infty]\mathrm{x}\mathrm{p}$
.
$[a, b)$ $B_{[a,b)}$ . ,
$f(x)\in C([a, b))$ Laplace .
6.
$f(x)\in C([a, \infty)),$ $g(X)\in C([b, \infty))$
(6.1) $f*g(x)= \int_{b}^{x-a}f(x-y)g(y)dy$
$C([a+b, \infty))$ . $f,$ $g$ (5.10) , $f*g$
(6.2) $(f*g)^{\wedge}(\xi)=\hat{f}(\xi)g(\wedge\xi)$
. .
, $f(\xi)\in \mathcal{L}\mathcal{B}_{[a,\infty]}\mathrm{e}\mathrm{x}\mathrm{p},$ $g(\wedge\xi)\in \mathcal{L}B_{[\infty}^{\exp}b,]$ , $\hat{f}(\xi)g(\wedge\xi)$ $\mathcal{L}B_{[a}^{\exp}+b,\infty$]
. , Laplace .






, Heaviside “ ” $\mathcal{B}_{[,\infty]}^{\mathrm{e}_{0}\mathrm{x}\mathrm{p}}$ Laplace
, . , (6.3) Laplace
. ,




Laplace 1 , $\delta(x)$
.








(6.7) $\delta^{(m)}(x)=[\frac{(-1)^{m+1}m!}{2\pi i}\frac{1}{z^{m+1}}]$ .








Laplace $B_{[a,\infty]}^{\exp}$ $\ovalbox{\tt\small REJECT}(\xi)/\xi$ Laplace –
. , $\delta$
(6.12) $\theta(x)=[\frac{-1}{2\pi i}{\rm Log}(-z)]$
Heaviside . , ${\rm Log}$ . $m$
,
(6.13) $\frac{x_{+}^{m}(x)}{m!}=[\frac{-z^{m}}{2\pi im!}{\rm Log}(-Z)]$
.
7.
$m(z)\in O^{\exp}(\mathrm{O})$ , 1 $d\in \mathrm{C}$ Laplace
(7.1) $\hat{m}_{d}(\zeta)=\int_{d}^{\infty}e^{-(}m(zz)d_{\mathcal{Z}}$
31
. , $d$ .
Polya [16] $\mathrm{C}$ $I\dot{\iota}’$
, $m(z)$
(7.2) $m(z)= \frac{1}{2\pi i}\int_{\Gamma}e^{(z}\hat{m}_{d}(\zeta)d\zeta$
. , $\Gamma$ $I\iota’$ 1 – .
4. $m(z)\in O^{\exp}(\mathrm{O}),$ $f(X)=[F(z)]\in B_{[a,\infty]}^{\exp}$ , $m(x)f(x)$
(7.3) $m(x)f(x)=[m(z)\tau(z)]$
.
$O^{\exp}(\mathrm{O})$ , . ,
(7.4) $m(x) \theta(x)=[\frac{-1}{2\pi i}m(z){\rm Log}(-z)]$ .
3. $m(z)\in O^{\exp}(\mathrm{O}),$ $f(X)\in B_{[a,\infty]}^{\exp}$
(7.5) $(mf)^{\wedge}( \xi)=\frac{1}{2\pi i}\int_{\Gamma}\hat{m}_{d}(()\hat{f}(\xi-\zeta)d($ .
, $\Gamma$ (7.2) .
, $\hat{m}_{d}*\hat{f}(\xi)$ .
(7.6) $(z^{n}e)_{0} \alpha z(\wedge\zeta)=\frac{n!}{(\zeta-\alpha)^{n+1}}$
(7.5) Cauchy 1 :
(7.7) $(xefn \alpha x(x))\wedge(\xi)=(-\frac{d}{d\xi})^{n}\hat{f}(\xi-\alpha)$ , $n=0,1,2,$ $\cdots,$ $\alpha\in \mathrm{C}$ .
, 2 :
(7.8) $( \frac{d^{n}}{dx^{n}}f(x+c))^{\wedge}(\xi)=\xi^{n}e^{c\xi}\hat{f}(\xi)$ , $n=0,1,2,$ $\cdots,$ $c\in \mathrm{R}$ .
.
$c_{n}$
(7.9) $m(z)= \sum_{n=0}^{\infty}Cn^{\frac{z^{n}}{n!}}\in O^{\exp}(\mathrm{o})$ ,
(7.10) $\hat{m}_{0}(\zeta)=\sum_{n=0}^{\infty}c_{n}(-n-1\in O(\infty)$
. , $\mathcal{O}(\infty)$ $\infty$ . Borel ,
Heaviside $p$ $\zeta$ , (2.15) , (2.17)
.
32





$(a_{m^{\frac{d^{m}}{dx^{m}}}}+\cdots+a_{0})u(x)=f(x),$ $0\leqq x<b$ ,
$u^{(j)}(\mathrm{o})=gj,$ $j=0,1,$ $\cdots,$ $m-1$ ,
. $\vee$ , $f(x)$ $[0, b)$ , $g_{j}\in \mathrm{C}$ , . .





. $f\theta$ 2 $B_{[0,]}^{\exp}\infty$ Laplace
(8.4) $\hat{p}(\xi)u(\wedge\xi)\equiv\hat{f}(\xi)+(a_{m}gm-1+\cdots+a_{1}g_{0})+\cdots+a_{m}g_{0}\xi^{m}-1$ mod $\mathcal{L}B_{[\infty}^{\exp}b,$].
, $\hat{f},$ $u\wedge$ $f\theta,$ $u\theta$ Laplace . ,
(8.5) $\hat{p}(\xi)=a_{m}\xi^{m}+\cdots+a_{0}$ .
,





(9. 1) $\delta^{(n)}(x)=[\frac{(-1)^{n+1}n!}{2\pi i}\frac{1}{z^{n+1}}],$ $n=0,1,2,$ $\cdots$ ,
(9.2) $\theta(x)=[\frac{-1}{2\pi i}{\rm Log}(-Z)]$ ,
(9.3) $\frac{x_{+}^{n}}{n!}=\frac{x^{n}\theta(x)}{n!}=[\frac{-z^{n}}{2\pi in!}{\rm Log}(-z)],$ $n=1,2,$ $\cdots$ ,
33
– . Laplace
(9.4) $(\delta^{(n)})^{\wedge}(\xi)=\xi^{n},$ $n=0,1,2,$ $\cdots$ ,
(9.5) $\theta(\xi)=\xi^{-1}\wedge$ ,
(9.6) $( \frac{x_{+}^{n}}{n!})^{\wedge}.(\xi)=\xi^{-n-}1,$ $n=1,2,$ $\cdots$ ,
. $\xi$ , Euler
(9.7) $(x \frac{d}{dx}-\alpha)u(X)=0$
$\alpha=-n-1(n=0,1, \cdots, );\alpha=0;\alpha=n(n=1,2, \cdots)$ .
$\alpha\in \mathrm{C}\backslash \mathrm{Z}$ ,
(9.8) $x_{+}^{\alpha}=[ \frac{l}{2\sin\pi\alpha}(-z)^{\alpha}]$
. $x_{+}^{\alpha}$ Euler (9.7) , Laplace
(9.9) $(x_{+}^{\alpha})^{\wedge}(\xi)=\Gamma(\alpha+1)\xi-\alpha-1$
. $\alpha$ –





$\delta^{(\alpha)}(x),$ $\alpha=0,1,2,$ $\cdots$ ,
$-\alpha-1$
$\frac{x_{+}}{\Gamma(-\alpha)},$ $\alpha\neq 0,1,2,$ $\cdots$
.
(9.12) $(\delta^{(\alpha}))\wedge(\xi)=\xi^{\alpha}$
, $\delta^{(\alpha)}(x)$ , $\alpha$ , $-\alpha$ .
(9.13) $( \frac{d}{dx})^{\alpha}f(x)=\delta(\alpha)*f(X)$





. Abel (1823 ) . Heaviside
. Heaviside Abel , Riemann iouville






(10.2) $x_{+}^{-n}=[ \frac{-1}{2\pi i}z^{-n}{\rm Log}(-Z)]$
. $x_{+}^{n}=x^{n}\theta$ , $z^{-n}$
. $x>0$ $x^{-n}$ , $\langle$ Euler (9.7) . ,
(10.1) . Laplace







(10.6) $x^{n} \log_{X}+=[\frac{-z^{n}}{4\pi i}({\rm Log}(-z))2]$
. Euler (10.1) . Laplace
(10.7) $(x^{n}\log x_{+})^{\wedge}(\xi)=-n!\xi^{-n-1}(\log\xi-\psi(n+1))$
.
, $\alpha\in \mathrm{C}\backslash \mathrm{Z}$
(10.8) $x_{+}^{\alpha} \log_{X}+=[\frac{\partial}{\partial\alpha}\{\frac{i}{2\sin\pi\alpha}(-z)\alpha\}]$
35
. , (10.1) . Laplace (10.7)
(10.9) $(x^{\alpha}\log+x_{+})^{\wedge}(\xi)=-\Gamma(\alpha+1)\xi^{-\alpha-1}(\log\xi-\psi(\alpha+1))$
.
(10.1) Laplace $u\in \mathcal{B}_{[0^{\mathrm{x}\mathrm{p}}\infty]}^{\mathrm{e}}$, (9.11) , $x_{+}^{-n}$
$x_{+}^{\alpha}\log x+$ 1 . $u$ Laplace $\xi^{-\alpha-1}$ $\xi^{-\alpha-1}\log\xi$




$n$ $\mathrm{R}^{n}$ Laplace ,
(11.1) $\triangle k(x)=(\frac{\partial^{2}}{\partial x_{1}^{2}}+\cdots+\frac{\partial^{2}}{\partial x_{n}^{2}})k(x)=\delta(x)$
$k(x)$ , , $n$ $\delta$ ,
$n\geqq 2$ .
(11.1) , $n$ ,
, $r=|x|$ $k(r)$ . ,
(11.2), $x=rs$ , $r\in \mathrm{R},$ $s\in S^{n-1}$
, $k(r)$ $r\in \mathrm{R}$ $r\geqq 0$
(11.3) $\frac{d}{dr}(r^{n-}\frac{dk}{dr}1)=\frac{1}{\omega_{n}}\delta(r)$




. , $c0,$ $c_{1,n-2}\ldots,$$c$ .
$n=2$ , (10.7)









$-\log|x|++\mathrm{C}\mathrm{o}\mathrm{n}\mathrm{S}\mathrm{t}$ , $n=2$ ,
$2\pi$




(12.1) $x \frac{d^{2}u}{dx^{2}}+(1-2\nu)\frac{du}{dx}\pm xu=0$







(12.3) $u(\wedge\xi)=\mathrm{C}\mathrm{o}\mathrm{n}\mathrm{s}\mathrm{t}$ $(\xi^{2}\pm 1)-\iota \text{ }-1/2$
Laplace . $\nu$ +1/2 , Laplace
.
(12.4) $(\xi^{2}\pm 1)^{-}\nu-1/21\pm\xi^{-}2)-=(\nu-1/2\xi-2\nu-1$
1 , 1 Laplace . ,
$u$
$\delta$ $\theta(x)$ $\delta(x)+f(x)\theta(x)$ $(2\nu+1)$





, $m(z)$ Taylor . .
5. $2\nu\neq-1,$ $-2,$ $-3,$ $\cdots$
(12.5) $u(x)= \sum_{k=0}^{\infty}\frac{(\mp 1)^{k}}{\Gamma(k+1)\mathrm{r}(k+\nu+1)}(\frac{x}{2})^{2k}x_{+}^{2\nu}$
(12.1) $B_{[0,\infty]}^{\exp}$ .
(12.6) $J_{\nu}(x)= \sum\frac{(-1)^{k}}{\Gamma(k+1)\mathrm{r}(k+\nu+1)}k\infty=0(\frac{x}{2})^{2k+}\nu$ ,
37
(12.7) $I_{\nu}(x)= \sum_{k=0}\frac{1}{\Gamma(k+1)\mathrm{r}(k+\nu+1)}\infty(\frac{x}{2})^{2k+\nu}$
$\nu$ Bessel Bessel , 5
van der Pol
(12.8) $(( \frac{x_{+}}{2})^{\nu}J_{\nu}(x_{+}))^{\wedge}(\xi)=\frac{\Gamma(\nu+1/2)}{\Gamma(1/2)}(\xi^{21/2}+1)^{-\nu-}$ ,
(12.9) $(( \frac{x_{+}}{2})^{\nu}I_{\nu}(x+))^{\wedge}(\xi)=\frac{\Gamma(\nu+1/2)}{\Gamma(1/2)}(\xi^{2}-1)^{-\nu-1/}2$
.
van der Pol [15] [23] $\nu>-1/2$ .
, Bessel . ,
(12.10) $\nu=-n$ , $n=1,2,3,$ $\cdots$ ,







. , (12.11) 2 $(x+/2)^{\nu}I_{\nu}(x+)$ , (12.1)





(12.1) , van der Pol (12.9) .
, 2 $x>0$ $(x/2)^{-n}I_{-}(nX)$ ,
(12.14) $(x \frac{d^{2}}{dx^{2}}+(1+2n)\frac{d}{dx}-X\mathrm{I}\sum_{k=n}^{\infty}\frac{1}{\Gamma(k+1)\mathrm{r}(k-n+1)}(\frac{x_{+}}{2})^{2k-2n}=\frac{2}{\Gamma(n)}\delta(x)$
.




(12.15) $n=0,1,2,$ $\cdots$ ,$\nu=-n-\underline{1}$2’
van der Pol . $(\xi^{2}-1)^{-\nu-1/}2=(\xi^{2}-1)^{n}$ Laplace
(12.16) $u(x)= \sum_{k=0}^{n}\frac{\Gamma(n+1)}{\mathrm{r}(k+1)\mathrm{r}(n-k+1)}\delta(2k)(x)$







(12.1) ? 2 , $\{X>0\}$ – 1
. (12.1) $0$ .
, $-\nu$ , $u(x)$ $u’(x)$ $0$ .
Green (8.2) $u(x)\theta(x)$
(12.19) $x \frac{d^{2}(u\theta)}{dx^{2}}+(1+2\nu)\frac{d(u\theta)}{dx}-X(u\theta)=2\nu u(0)\delta(x)$
. , $u(x)\theta(x)$ Laplace \^u $(\xi)$
(12.20) $( \xi^{2}-1)\frac{du(\wedge\xi)}{d\xi^{2}}+(1-2\nu)\xi\hat{u}(\xi)=-2\nu u(0)$
. $0$ $\mathrm{c}\mathrm{o}\mathrm{n}\mathrm{S}\mathrm{t}(\xi 2-1)\nu-1/2$ ,
–
(12.21) $u( \wedge\xi)=-2\nu u(\mathrm{o})(\xi 2-1)\nu-1/2\int(\xi^{2}-1)^{-\nu-1/2}d\xi$
.
(12.22) ${\rm Re}\nu>0$ $u(0)=1/\Gamma(\nu+1)$









(12.25) $u(x)=(( \frac{x}{2})^{-\nu}I\nu(X)\mathrm{I}\theta(x)$ .




. (12.23) Hadamard , , ${\rm Re}\nu>0$
$\nu$ , $(\eta^{2}-1)^{-\nu}-1/2$ $\infty$
,
(12.27) $\int_{\infty}^{\xi}\eta^{-21}d\mu-\eta=\frac{\xi^{-2\mu}}{-2\mu}$ , ${\rm Re}\mu\leqq 0,$ $\mu\neq 0$ ,
– .
, $\nu$ , $(x/2)^{\nu_{I_{\nu}}}(x)$ $(x/2)^{\nu}I_{-\nu}(X)$ $\{x>0\}$ (12.1)
. $\nu$ – 1
, Bessel .
, ${\rm Re}\nu>-1/2$ $|(|$
(12.28) $\sum_{k=0}^{\infty}\frac{\Gamma(k+1/2)}{\mathrm{r}(k+\mathcal{U}+1)\mathrm{r}(1/2)}(^{-2}k-1=\frac{1}{\Gamma(\nu+1/2)\mathrm{r}(1/2)}\int_{-1}^{1}\frac{(1-\xi^{2})\nu-1/2}{(-\xi}d\xi$
. ( $(-\xi)^{-1}$ $\zeta^{-1}$ ,
. , Polya (7.2)
$( \frac{z}{2})^{-\nu}I_{\nu}(Z)=\frac{1}{2\pi i}\int_{\Gamma}e^{z}(\sum_{k=0}^{\infty}\frac{\Gamma(k+1/2)}{\Gamma(k+\mathcal{U}+1)\mathrm{r}(1/2)}(-2k-1d($
(12.29)
$= \frac{1}{\Gamma(\nu+1/2)\mathrm{r}(1/2)}\int_{-1}^{1}e(z\xi 1-\xi^{2})\nu-1/2d\xi$ , $z\in \mathrm{C}$ ,
. Poisson [20]. ${\rm Re}\nu\leqq-1/2$ , (12.29)
Hadamard , $\pm 1$ $\delta$ $e^{z\xi}$
.
6. $\nu\in \mathrm{C}$
(12.30) $( \frac{z}{2})^{-\nu_{I_{\nu}(z)=}}\frac{1}{\Gamma(\nu+1/2)\mathrm{r}(1/2)}\int_{-\infty}^{\infty}e^{z\xi}(1-\xi^{2\mathcal{U}})_{+}-1/2d\xi$ , $z\in$ C.
40
, 2 Bessel $K_{\nu}(z)$
(12.31) $I_{\dot{1}_{\nu}}’(X)= \frac{\pi}{2}\frac{I_{-\nu}(z)-I\nu(\mathcal{Z})}{\sin\pi\nu}=I1_{-}^{r}\nu(Z)$ ,
$\nu$ $n$ , $\nu$ $n$ . (Heaviside
$\pi/2$ . ) $\nu$ , $x>0$ $(x/2)^{\nu_{I_{\nu}}}(x)$ $(x/2)^{\nu}Ii_{\nu}’(X)$ (12.1) 1
, $\nu$ . ,
. 1 , (12.29) (12.32)
$zarrow+\infty$ .
${\rm Re}\nu>-1/2$
(12.32) $( \frac{z}{2})^{-\nu}.Ii^{r}(_{Z}\nu)=\frac{\Gamma(1/2)}{\Gamma(\nu+1/2)}\int_{-\infty}^{-1}e(z\xi\xi^{2}-1)^{\nu-1/2}d\xi$ , ${\rm Re} z>0$ ,
Schl\"afli [20].
${\rm Re} z>0$ $z=x>0$ .
, van der Pol (12.9) Laplace , $2\nu\neq 1,2,3,$ $\cdots$ ,
(12.33) $( \frac{x}{2})^{-\nu}I_{-\nu}(X)=\frac{\Gamma(-\nu+1/2)}{\Gamma(1/2)}\frac{1}{2\pi i}\int_{\Gamma}e^{x\xi}(\xi 2-1)^{\nu-1/2}d\xi$
. $\Gamma$ (5.8) ( ${\rm Re}\nu<0$ Bromwich
(3.2) $)$ , $-\infty$ 1 , 1
$-\infty$ . , (12.33)
$\frac{\Gamma(-\nu+1/2)}{\Gamma(1/2)}\{$ $\frac{e^{-(\nu-1/})\pi i-2e^{(}\nu-1/2)\pi i}{2\pi i}\int_{-1}^{1}e^{x\xi}(1-\xi 2)\nu-1/2d\xi$
$+ \frac{e^{-(2\nu-1)\mathrm{i}}-\pi e(2\nu-1)\pi i}{2\pi i}\int_{-\infty}^{-}1e(x\xi\xi^{2}-1)^{\nu-1}/2d\xi\}$
. Poisson (12.29) , 1 $(x/2)^{-\nu}I_{\nu}(x)$ . Schl\"afli
(12.32) .




(12.34) $( \frac{z}{2})^{-\nu_{I}}i_{\mathcal{U}}^{r}(Z)=\frac{\Gamma(1/2)}{\Gamma(\mathcal{U}+1/2)}\int_{-\infty}^{0}e^{x}(\xi\xi^{2}-1)_{+}^{\iota \text{ }-1/2}.d\xi$ , ${\rm Re} z>0$ .
[5] Bessel $(x/2)^{\nu}J_{\nu}(X)$ , 2 Bessel
$(x/2)^{\nu}Y_{\nu}(X)$ .
.
Poisson Schl\"afli , van der Pol , $(x+/2)^{-\nu_{I_{\nu}}}(x+)$
$(x_{+}/2)^{\nu}I\iota_{\nu}I(x_{+})$ Laplace . \S 14 ,













Laplace . , $A$ Banach $E$
.
(13.1) $A$ $\exp tA$
. , (13.2) $\sin t\sqrt{-A}/\sqrt{-A}$
.
\S 2 \S 8 , . ,
(13.1) (13.2) , $A$
$(\tau-A)-1$ $(\tau^{2}-A)-1$ $\mathrm{O}$ $S$ $\Omega$ , ,
$|\theta|<\pi/2$
(13.3) $\varlimsup_{\rhoarrow\infty}\frac{\log||(\rho e^{i\theta}-A)^{-1}||}{\rho}\leqq 0$ , $|\theta|<\pi/2$ ,
(13.4) $\varlimsup_{\rhoarrow\infty}\frac{\log||(\rho e-22i\theta A)-1||}{\rho}\leqq 0$ , $|\theta|<\pi/2$ ,
.
$E$ Laplace $\exp tA$ $\sin t\sqrt{-A}/\sqrt{-A}$
(13.5) $\frac{1}{2\pi i}\int_{c}^{\infty}e^{\mathcal{T}}(t\mathcal{T}-A)-1d_{\mathcal{T}}$ ,
(13.6) $\frac{1}{2\pi i}\int_{c}^{\infty}e^{\tau t}(\mathcal{T}-2A)-1d_{\mathcal{T}}$
.
14. Helmholtz
$\mathrm{R}^{\mathrm{n}}$ $\triangle$ , $\triangle$
Helmholtz , ,
(14.1) $(\triangle-\kappa^{2})c(\kappa, X)=\delta(x)$
$G(\kappa, x)$ . , ${\rm Re}\kappa>0$ .
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Banach $L^{p}(\mathrm{R}^{n}),$ $1\leqq p<\infty$ ,
, $G(\kappa, x)$ $r=$ ,
$rarrow\infty$ $G(r)$ .
Laplace $-\kappa^{2}G$ , $G(r)\in B_{[0,\infty]}^{\exp}$
(14.2) $r^{n-2}(r \frac{d^{2}}{dr^{2}}+(n-1)\frac{d}{dr}-\kappa r)2G(r)=\frac{1}{\omega_{n}}\delta(r)$
. $\nu=(2-n)/2$ Bessel
.
$n\geq 2$ , (14.2) $r^{n-2}$ . Laplace






, Laplace $\hat{G}(\rho)$ , $n=3$
. , $\hat{G}(\rho)$




, Laplace $\hat{G}(\rho)$ – , $G(r)$ $rarrow\infty$
. (14.4) $\pm\kappa$ . $G(r)$

























Laplace , $\mathrm{C}$ $-\infty$ $-\kappa$ , \mbox{\boldmath $\kappa$} $\kappa$
– .
, Laplace $G(r)$ , (5.8) ,
Bromwich $\Gamma$ . , Schl\"afli ,
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$-\infty$ $-\kappa$ , \mbox{\boldmath $\kappa$} $-\infty$
. , $\log(\rho+\kappa)$ $\log(p+\sqrt{\rho^{2}-\kappa^{2}})/\kappa$ $-2\pi i$
. $(\rho^{2}-\kappa^{2})(n-3)/2$ – , $n$ ,
$\kappa$ . , $r>0$
$G(r)= \frac{1}{2\pi i}\int_{\Gamma}e^{r\rho}\hat{G}(\rho)d\rho$
$= \frac{-1}{\omega_{n}(n-2)!}\int_{-\infty}^{-\kappa}e(r\rho\rho^{2}-\kappa^{2})^{\frac{n-3}{2}d\rho}$
$= \frac{-\kappa^{n-2}}{\omega_{n}(n-2)!}\int_{-\infty}^{-1}e(\kappa r\sigma 2-1)\sigma\frac{n-3}{2}d\sigma$
$n-2$
$= \frac{-1}{2\pi}(\frac{\kappa}{2\pi r})^{\overline{2}}I\iota^{\nearrow}\frac{n-2}{2}(\kappa r)$
. , Schl\"afli . , $n\geqq 2$ .
8. ${\rm Re}\kappa>0$ , $n$ $\mathrm{R}^{n}$ Helmholtz
$G_{n}(\kappa, X)$
(14.12) $G_{n}( \kappa, x)--\frac{-1}{2\pi}(\frac{\kappa}{2\pi|X|_{+}})^{\frac{n-2}{2}}I\dot{\iota}\frac{n-2}{2}(’|\kappa x|_{+})$
.
$E$ Banach , $\triangle$
$(\triangle-\kappa)^{-1}$ .
$n=1$ . $n$ ,
,
(14.13) $G_{1}( \kappa, x)=\frac{-1}{2\kappa}e^{-\kappa|x|}$ ,
(14.14) $G_{3}( \kappa, x)=\frac{-1}{4\pi}e^{-\kappa|x|}|x|^{-1}+$ ’
(14.15) $G_{5}= \frac{-1}{8\pi^{2}}e^{-\kappa||}(x|x|^{-}++3\kappa|X|+)-2$
. , $n$ ,
$G_{2}(\kappa, x)$ $= \frac{-1}{2\pi}I(^{r_{0}}(\kappa|x|_{+})$
(14.16)
$= \frac{1}{2\pi}\log(\frac{\kappa|x|_{+}}{2})I_{0}(\kappa|_{X|})-\frac{1}{2\pi}\sum_{k=0}^{\infty}\frac{\psi(k+1)}{k!^{2}}(\frac{\kappa|x|_{+}}{2})^{2k}$ ,





(15.1) $( \frac{\partial^{2}}{\partial t^{2}}-\triangle)u(t, x)=0$
\S \S 13, 14 $\{t\geqq 0\}$
(15.2) $(. \frac{\partial^{2}}{\partial t^{2}}-\triangle)R(t, x)=\delta(t)\delta(x)$
$R(t, x)$ , $E$ $L^{p}(\mathrm{R}^{n})$ \S 14 Banach , $R(t, x)$ $E$
$L(E)$ $t$ Laplace .
(13.6) , Helmholtz $G(\kappa, x)$ $(-1)$ $\kappa$ $\tau$ , t\uparrow
Laplace .












$n=2$ (14.10) $K_{0}(\tau|x|_{+})$ $t$ Laplace .
Heaviside $I_{l’}\mathrm{o}(\tau, r)$ (14.16) Laplace ,
$\mathrm{S}$ chl\"a i
(15.6) $\frac{1}{2\pi}K_{0}(\kappa r)=\frac{1}{2\pi}\int_{-\infty}^{-1}e\frac{d\mu}{\sqrt{\mu^{2}-1}}\kappa r\mu$ , $r>0$ ,
$\frac{1}{2\pi i}\int_{\Gamma}ee’d\tau t\Gamma r\mu=\mathcal{T}\delta(t+r\mu)$
,






.(15.7) $R_{2}(t, x)= \frac{1}{2\pi}\frac{\theta(t)}{(t^{2}-|_{X}|^{2})1/2+}$
. 4 , (14.17)
$R_{4}(t, x)= \frac{1}{2\pi}(\frac{\partial^{2}}{\partial|x|^{2}}-\frac{\partial^{2}}{\partial t^{2}})R_{2}(t, x)$
$(15.8)$
$= \frac{-1}{4\pi^{2}}\frac{\theta(t)}{(t^{2}-|_{X}|^{2})3/2+}$ .
Maxwell $(\varphi, A_{1}, A_{2,3}A)$




(16.1) $( \frac{\partial}{\partial t}-\triangle)u(t, X)=0$
$W(t, x)$ . , $t\geqq 0$
(16.2) $( \frac{\partial}{\partial t}-\Delta)W(t, x)=\delta(t)\delta(_{X})$
$\langle$ , \S 13 Banach $E$ (13.1) $A$
$\triangle$ $T(t)$ .












$= \frac{1}{(2\sqrt{\pi t_{+}})^{3}}e^{-|x|^{2}/+}4t$ .
2 , $r$ \mu (16.4)
$W_{2}(t, x)= \frac{1}{2\pi}\int_{-\infty}^{-1}\mathcal{L}_{t}-1(e^{-\sqrt{7}\mu||)}x\frac{d\mu}{\sqrt{\mu^{2}-1}}$
(16.6) $W_{2}(t, x)= \frac{1}{4\pi t_{+}}e^{-|x|^{2}/+}4t$
.
(16.7) $W_{n}(t, x)= \frac{1}{(2\sqrt{\pi t+})^{n}}e^{-|x|^{2}/+}4t$
, (14.10) (14.11) (16.5) (16.6) $\partial^{2}/\partial|x|^{2}-\partial/\partial t$ $(n-3)/2$
$(n-2)/2$ , $\omega_{3}/(\omega_{n}(n-2)!)$ $\omega_{2}/(\omega_{n}(n-2)!)$
. , Descartes $|x|^{n-1}$
$0$ .
17.
. Heaviside [4], Carson [2] . $t$ ,
$x$ , $(t, x)$ , $v(t, x),$ $i(t, x)$
. $(x, x+\Delta x)$ 1
$\{$
$v+ \triangle v=v-R\Delta Xi-L\triangle x\frac{\partial i}{\partial t}$
$i-\triangle i$
$=i+G\triangle xv+C\triangle x\underline{\partial v}$
$\partial t$
, $\triangle xarrow \mathrm{O}$ (1.3) . , $i$
$v$ (1.4) . , $l$ ,
(17.1) $\frac{\partial^{2}v}{\partial x^{2}}=(L\frac{\partial}{\partial t}+R)(C\frac{\partial}{\partial t}+c)v$ ,
(17.2) $v(t, 0)=e(t)$ ,
(17.3) $v(t, l)=0$ ,
(17.4) $v(t, x)=0$ , $t<0$ ,
48
.Thomson $L=G=0$ , (17.1)
(17.5) $\frac{\partial^{2}v}{\partial x^{2}}=CR\frac{\partial v}{\partial t}$
. , $v(t, x)$ $t$ Laplace $v(\wedge\tau, x)$
(17.6) $\frac{\partial^{2}v(\wedge \mathcal{T},X)}{\partial x^{2}}=CR\mathcal{T}^{\wedge}v(\mathcal{T}, X)$
. $\alpha=\sqrt{CR}$ ,






$\wedge v(\tau, x)=\frac{e^{-}\sqrt{\tau}-\alpha xe-\alpha(2\iota-x)\sqrt{\tau}}{1-e^{-2\alpha}\iota\sqrt{\tau}}e(\wedge\tau)$
(17.9)








(17.12) $v(t, x)= \frac{1}{2\sqrt{\pi}}\int_{0}^{t}\frac{\sqrt{CR}x}{\sqrt{s^{3}}}e^{-}CRx^{2}/4se(t-s)dS$
. , $e(t)=e\mathit{0}^{\theta}(t)$ ,
(17.13) $v(t, x)=(1-$ erf $( \frac{x}{2}\sqrt{\frac{CR}{t}}))e_{0}$ ,
49
,(17.14) $\mathrm{e}\mathrm{r}\mathrm{f}x=\frac{2}{\sqrt{\pi}}\int_{0}^{x}e^{-y}dy2$ .
Thomson $\iota\sqrt{CR}$ . $C,$ $R$
, $\iota\sqrt{CR}$
. 100 0.1
. lmm ,. $10\mathrm{c}\mathrm{m}$ ,
$300\mathrm{k}\mathrm{m}$ .
$LC\neq 0$
(17.15) $\frac{\partial^{2}v(\wedge \mathcal{T},X)}{\partial x^{2}}=(L\tau+R)(C_{\mathcal{T}}+G)v(\wedge\tau, X)$






(17.18) $p= \frac{RC+LG}{2LC}$ ,
(17.19) $\sigma=\frac{RC-LG}{2LC}$ .
, $B(\tau)=0$ . ,
(17.2)
(17.20) $A(\tau)=e(\wedge\tau)$ .





(17.22) $v(t, x)=e^{-\sqrt{RG}x}e(t-\sqrt{LC}x)$ .
. 1 $x$ , .
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(1.5) , $a=\sqrt{LC}x$ ,
(17.23) $L_{t}^{-1}(e^{-a^{\sqrt{\tau^{2}-\sigma^{2}}}})= \delta(t-a)+\frac{a\sigma}{\sqrt{(t^{2}-a^{2})_{+}}}I_{1}(\sigma\sqrt{(t^{2}-a^{2})_{+}})\theta(t)$






(17.23) , Heaviside [4] 2 , ,
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